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Abstract

Background

Onchocerciasis (“river blindness”) can cause severe morbidity, including vision loss and var-
ious skin manifestations, and is targeted for elimination using ivermectin mass drug adminis-
tration (MDA). We calculated the number of people with Onchocerca volvulus infection and
onchocercal skin and eye disease as well as disability-adjusted life years (DALYSs) lost from
1990 through to 2030 in areas formerly covered by the African Programme for Onchocercia-
sis Control.

Methods

Per MDA implementation unit, we collated data on the pre-control distribution of microfilariae
(mf) prevalence and the history of control. Next, we predicted trends in infection and morbid-
ity over time using the ONCHOSIM simulation model. DALY estimates were calculated
using disability weights from the Global Burden of Disease Study.

Results

In 1990, prior to MDA implementation, the total population at risk was 79.8 million with 26.0
million (32.5%) mf-positive individuals, of whom 17.5 million (21.9%) had some form of
onchocercal skin or eye disease (2.5 million DALYs lost). By 2030, the total population was
predicted to increase to 236.1 million, while the number of mf-positive cases (about 6.8 mil-
lion, 2.9%), people with skin or eye morbidity (4.2 million, 1.8%), and DALY lost (0.7 million)
were predicted to decline.
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Conclusions

MDA has had a remarkable impact on the onchocerciasis burden in countries previously
under the APOC mandate. In the few countries where we predict continued transmission
between now and 2030, intensified MDA could be combined with local vector control efforts,
or the introduction of new drugs for mopping up residual cases of infection and morbidity.

Author summary

Onchocerciasis, also known as river blindness, is a neglected tropical disease caused by a
parasitic worm transmitted through the bite of an infected blackfly. Onchocerciasis is, or
used to be, endemic in many West, Central, and East African countries. Mass drug admin-
istration (MDA) with ivermectin and vector control have been used to prevent the spread
of infection and effectively control onchocerciasis as a public health problem. In Central
and East Africa, this was done under the mandate of the African Programme for Oncho-
cerciasis Control (APOC). In 2012, the World Health Organization targeted onchocercia-
sis for control and elimination. Here, we assess the impact of MDA with ivermectin on
the prevalence of onchocercal morbidity in 1990 (pre-control), 2020, and 2030, and calcu-
late the associated burden of disease in terms of disability-adjusted life years (DALYs), a
composite measure of life years lost and years lived with disability. By 2030, we expect that
691 thousand DALY will be lost in countries formerly covered by APOC. This burden is
due to onchocercal skin disease in about 3.8 million people and onchocercal eye disease in
about 384 thousand people, with most of this burden being concentrated in only a few
countries.

Introduction

Human onchocerciasis, also known as river blindness, is a parasitic disease caused by Oncho-
cerca volvulus that is transmitted through the bite of an infected blackfly (genus Simulium).
Onchocerciasis has been associated with a high impact on health and socioeconomic status
due to blindness and stigmatising scaly, itchy skin manifestations [1]. Before the initiation of
mass drug administration (MDA), about 32 million people were estimated to be infected with
O. volvulus in countries under the former mandate of the African Programme for Onchocerci-
asis Control (APOC), which ran from 1995 till 2015 [2]. Another 7.6 million people were esti-
mated to be infected in areas previously under the mandate of the Onchocerciasis Control
Programme (OCP, 1974-2002) in West-Africa, prior to the initiation of interventions [3]. In
2019, an estimated 217.2 million people in 30 countries were in need of preventive therapy for
onchocerciasis [4], most of whom live in sub-Saharan Africa. Thanks to long-term and large-
scale onchocerciasis interventions in Africa, 1.2 million people no longer require MDA [4]
and several other regions may be close to elimination [5].

Onchocerciasis is now targeted for elimination [6], and great progress has been achieved in
reducing O. volvulus infection to low levels with MDA [5]. However, with the current focus
being mostly on infection levels and interruption of transmission, relatively little attention has
been paid to the expected impact of MDA on the prevalence of clinical manifestations and
overall disease burden. This is relevant because there are likely to be residual infections and
disease burden even after elimination targets are met or by the time they should be met. In
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areas where the targets are met in time and MDA is scaled down, some form of clinical treat-
ment may be needed to address residual cases of infection and disease (e.g. macrofilaricidal
drugs or drugs inducing permanent sterilisation of adult female worms). For areas where
MDA was implemented relatively recently or less successfully, additional interventions may be
needed to speed up progress towards elimination, e.g. intensified MDA efforts, use of moxi-
dectin (longer suppression of skin mf), additional vector control, or new macrofilaricidal or
worm-sterilising drug treatments. To understand the potential need for treatments with a new
drug to address the residual burden of onchocerciasis, it is necessary to quantify to what extent
this burden is affected by MDA with ivermectin. It is important to note that onchocercal mor-
bidity includes a wide range of clinical manifestations, some of which will (partially) persist
even after clearance of infection (chronic morbidity, e.g. vision loss and skin depigmentation)
and are therefore not, or only marginally, amenable to anti-parasitic treatment.

Here, we estimate the number of infections, number of cases with clinical manifestations,
and the disease burden of onchocerciasis in terms of case numbers and disability-adjusted life
years (DALYs) lost in 1990, 2020, and 2030 for countries formerly under the APOC mandate.
We include a wide spectrum of onchocercal skin (OSD) and eye disease (OED): severe itch,
reactive skin disease, skin depigmentation (leopard skin), skin atrophy, hanging groin, subcu-
taneous onchocercal nodules, and vision loss (visual impairment and blindness). We predict
trends over time in the prevalence of infection, OSD, and OED based on data on the pre-con-
trol distribution of infection and the history of MDA, and a newly developed version of the
mathematical model ONCHOSIM that captures the dynamic association between infection,
treatment, and morbidity [7]

Methods
General approach

To estimate the burden of onchocerciasis across countries previously under the APOC man-
date, we used published pre-control maps of onchocerciasis prevalence covering all APOC
countries. We then coupled the pre-control infection prevalence per APOC project (i.e. imple-
mentation unit for MDA) with rural population density data at baseline. We used the mathe-
matical model ONCHOSIM (2,8-10] to predict the prevalence of infection and morbidity over
time, taking account of the pre-control distribution of infection levels, bioclimate (forest vs.
savanna parasite strain), and history of control (MDA, vector control) of each APOC project.
Development of morbidity was modelled using a new version of ONCHOSIM that captures
the dynamic association between infection, treatment, and morbidity [7]. DALYs lost due to
onchocerciasis were quantified by calculating the number of years lived with disability (YLDs)
and years of life lost (YLL) due to blindness-related excess mortality. A detailed description of
the methods applied is provided in S1 Text; a high-level overview is provided below.

Pre-control infection level and population size

We used a previously published 1x1 km? resolution raster map of the pre-control prevalence
of onchocercal palpable nodules across 18 former APOC countries (i.e. Angola, Burundi,
Cameroon, Central African Republic, Chad, Congo, Democratic Republic of Congo, Equato-
rial Guinea, Ethiopia, Gabon, Liberia, Malawi, Mozambique, Nigeria, South Sudan, Sudan,
Tanzania, Uganda), based on Rapid Epidemiological Mapping of Onchocerciasis (REMO)
[11,12]. APOC covered 20 countries in Africa. In Rwanda and Kenya, the prevalence of palpa-
ble nodules was virtually zero during REMO surveys [11,12]. As a result, these countries were
considered non-endemic for onchocerciasis and we therefore did not include them in our
analysis. We converted the pre-control prevalence of palpable nodules in adult males into pre-
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control microfilariae (mf) prevalence in the population aged >5 years, using a published statis-
tical association [13]. We linked each raster cell to an MDA implementation unit, called a
“project” from here on, and categorised pixels into six endemicity categories (see S1 Text,
Tables A and B). Further, for each project we collated population size estimates from the
APOC census database [14,15] and divided the population over the six endemicity levels based
on the pixel distribution over the various endemicity levels. See S1 Text, sections 2.1 and 2.2
for more details.

History of control

For each project, we obtained information on the project-specific history of control and
expected future treatment scenarios (i.e. MDA start year, achieved coverage, treatment fre-
quency, as well as vector control). S1 Text, section 2.3 provides the relevant details of the data
on the history of control per project and assumptions on future MDA scenarios. Briefly, nearly
all onchocerciasis hyperendemic and mesoendemic areas had started annual or sometimes bi-
annual MDA by 2013 (up to which date we were able to collate information on the history of
control [15]). For the few projects that had not yet started MDA by 2013, we consulted the
ESPEN Portal [16] to verify the (expected) MDA start year, and adjusted the APOC treatment
database where necessary (up to 2017). Hypoendemic areas that are potentially co-endemic for
loiasis were assumed not to start MDA before 2025 due to the high risk of serious adverse
events related to ivermectin-intake in Loa loa-infected individuals, in line with previous work
[14]. We accounted for MDA disruptions due to security issues in countries in civil war (CAR,
Liberia, South Sudan) and due to the COVID-19 pandemic. An overview of the history of con-
trol used in our analysis can be found in S2 Text.

Mathematical modelling

We predict the prevalence of O. volvulus infection and clinical manifestations per APOC proj-
ect from 1990 through to 2030, using a newly developed version of the mathematical model
ONCHOSIM that captures the dynamic association between infection, treatment, and mor-
bidity [7]. A brief description of ONCHOSIM and its generic morbidity module is provided in
S1 Text, sections 3.1 and 3.2. The model was used to predict the mf prevalence in the total pop-
ulation and in individuals aged five years and older, as well as the prevalence of infection with
at least one female adult worm in the total population. The model further predicts the preva-
lence of the following clinical manifestations: severe itch (defined as troublesome itch with
insomnia), reactive skin disease (RSD), palpable nodules (which may lead to stigmatisation
and shame [17,18]), hanging groin, skin atrophy, depigmentation (two levels of severity: mild
and severe), and vision loss (visual impairment and blindness).

Per APOC project (N = 158), we calibrated transmission parameters to reproduce the pre-
control mean mf prevalence for each of the six endemicity categories. Next, for each endemic-
ity category in each project, we ran 500 repeated stochastic simulations, accounting for the
project-specific MDA history and vector control (S2 Text), assuming that endemicity catego-
ries within a project experienced the same history of control. Model predictions were saved by
age (0-<2, >2-<5, >5-<10, >10-<20, >20-<30, >30-<50, >50), sex, project, and endemic-
ity category, and were averaged over repeated simulations.

Because ONCHOSIM simulates a single closed community of humans and does not con-
sider mobility of infected humans and flies between multiple communities, it cannot simulate
stable hypoendemic infection levels. It is yet unclear which mechanisms contribute the stabili-
sation of infection across hypoendemic areas, but several hypotheses have been raised, which
may not be mutually exclusive: spill-over from adjacent more highly endemic areas, more
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efficient transmission at low levels through additional density-dependent processes in the
blackfly [19], high levels of local individual variation in exposure to blackflies, and/or assorta-
tive mixing of small high-risk sub-populations [20]. Rather than explicitly modelling hypoen-
demic areas making assumptions, we calculated the prevalence of infection and morbidity in
hypoendemic areas as a ratio of the model-predicted disease prevalence in mesoendemic areas.
We used different ratios for calculating the prevalence of palpable nodules, reversible clinical
manifestations (i.e. severe itch and RSD), and irreversible clinical manifestations (i.e. depig-
mentation, hanging groin, and atrophy) in hypoendemic areas based on a meta-analysis of
published data (Fig B in S1 Text) [21,22]. Further information and details are provided in S1
Text, section 3.3.

Burden calculation

The disease burden of onchocerciasis was quantified in terms of DALY, which are defined as
the sum of Years Lived with Disability (YLDs) and Years of Life Lost (YLLs) [23,24]. YLDs
were calculated by multiplying the predicted number of prevalent cases with a weight repre-
senting the severity level of the condition (disability weight). Disability weights for various sub-
types of OSD were defined based on an earlier scheme of disability weights for onchocercal
skin morbidity used in the 2010 edition of the Global Burden of Disease (GBD) study [25], as
presented in Table C in S1 Text. YLD estimates were corrected for concurrence of multiple
types of skin manifestations, using a multiplicative approach [26-29]. This correction was con-
sidered important as the mechanics of how some skin manifestations cause a disease burden
are similar (e.g. disfigurement) and because, conceptually, the sum of disability weight for con-
current symptoms should not exceed 1.0. A detailed description of how the correction was
applied, including a graphical representation, is described in S1 Text, section 4.1. YLLs were
calculated for onchocercal blindness only, as blindness is associated with excess mortality
[30,31]. S1 Text, section 4.2 provides more details about YLL calculations.

Sensitivity analysis

We assessed the impact of various biological and programmatic assumptions on the estimated
number of cases with infection and morbidity by 2030 through univariate sensitivity analyses,
including, but not limited to, assumptions about the ratio in morbidity prevalence between
hypoendemic and mesoendemic areas, and over-reporting of MDA coverage. Table E in S1
Text provides a full overview of all sensitivity analyses performed.

Results
Number of cases with infection

The total population living in countries previously under the APOC mandate was predicted to
increase from 79.8 million in 1990 to 236.1 million people in 2030. Before the initiation of
MDA, the prevalence of O. volvulus skin mf-positivity among the population (all ages) was
estimated to be 32.5% in 1990 (26.0 million cases), and was predicted to decline to 2.9% by
2030 (6.8 million cases) thanks to MDA, which is a reduction in prevalence of 74%. The preva-
lence of people infected with at least one adult female worm was predicted to decline from
41.2% in 1990 to 6.6% in 2030, which is a 84% reduction (Table 1). As expected, by 2030, prev-
alence of mf and worms will be highest in areas that were very hyperendemic before the start
of control (Table 2). Further, by 2030 most mf-positive cases will be in the Democratic Repub-
lic of Congo (45.4% of all cases), Nigeria (21.6%) and Ethiopia (10.0%). Highest country-level
mf prevalence is expected in Gabon (11.9%), where currently no MDA programme is in place
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Table 1. Population at risk, total number of cases infected and with clinical manifestations, and DALY lost due to onchocerciasis for 1990, 2020, and 2030. Abso-
lute numbers (N and DALYs) are presented in thousands.

Total population at risk

Mf-positive

Mf-positive (age 5+)

Adult female worm infection

Palpable nodules

Severe itch

Reactive skin disease

Total reversible onchocercal skin disease
Mild depigmentation

Severe depigmentation

Atrophy

Hanging groin

Total irreversible onchocercal skin disease
Total onchocercal skin disease*

Visual impairment

Blindness

Total onchocercal eye disease

Total all manifestations

1990 2020 2030

N % DALYs N % DALYs N % DALYs
79,768 100 180,004 100 - 236,102 100 -
25,964 32.5 14,092 7.8 6,813 2.9 -
25,922 32.5 14,084 7.8 6,812 2.9 -

32,825 41.2 27,073 15.2 15,577 6.6
7,617 9.5 81 3,810 2.1 40 1,412 0.6 15
4,115 5.2 747 1,663 0.9 302 542 0.2 98
3,089 3.9 143 845 0.5 39 129 0.1 6
7,205 9 890 2,508 1.4 341 670 0.3 104
935 1.2 10 1,117 0.6 12 879 0.4 9
1,057 1.3 68 1,181 0.7 76 863 0.4 56
16 <0.05 <0.5 3 <0.05 <0.5 <0.5 <0.05 <0.5
33 <0.05 13 27 <0.05 10 15 <0.05 6
2,041 2.6 91 2,328 1.3 99 1,756 0.7 71
16,862 21.1 1,062 8,647 4.8 480 3,839 1.6 190
421 0.5 13 426 0.2 13 316 0.1 10
194 0.2 1,397 126 0.1 903 69 <0.05 491
616 0.8 1,410 552 0.3 916 384 0.2 501
17,478 21.9 2,472 9,198 5.1 1,397 4,223 1.8 691

* Note: Total onchocercal skin disease is the sum of palpable nodules, reversible and irreversible skin disease.

https://doi.org/10.1371/journal.pntd.0009604.t001

due to Loa loa co-endemicity, the Republic of Congo (6.1%), and Mozambique (5.7%)

(Table 3). At the project-level, we predict that mf prevalence will be highest in onchocerciasis-
hypoendemic areas that are co-endemic for loiasis with an overall mean mf prevalence of
12.7% (4.3 million mf-positive cases among 33.5 million population at risk of infection in
P5-projects in 12 (suspected) L. loa-endemic countries) in 2030 (Table W in S3 Text). There
are also some hyperendemic foci with high local mf prevalence (>10%) remaining in the Cen-
tral African Republic, Democratic Republic of Congo, and South Sudan by 2030. See S3 Text
for further detailed estimates by year and project, and S4 Text for detailed estimates by
APOC-project and country, which also presents country-specific MDA coverages.

Number of cases with onchocercal morbidity

Prior to MDA implementation (1990), 21.9% of the total population at risk experienced clini-
cal manifestations due to onchocerciasis (17.5 million cases). The most common clinical mani-
festation was the presence of palpable nodules, followed by acute reversible skin conditions
(either severe itch or RSD) (Table 1). The total pre-control prevalence of OED was predicted
to be 0.8% (615.5 thousand cases), mostly due to visual impairment in savanna areas (82.3% of
all OED cases in 1990; Table G in S3 Text).

By 2030, the total number of cases with onchocercal morbidity was predicted to decline to
4.2 million (1.8% of total population at risk), with palpable nodules and depigmentation con-
tributing most cases (Table 1). Irreversible symptoms of onchocerciasis and, in particular,
skin manifestations will be responsible for the majority of the cases: by 2030 there will be 1.8
million cases of irreversible OSD and 384 thousand cases of OED (some cases will have both).
In contrast, reversible symptoms only affect 670 thousand people (some of whom will also
have irreversible symptoms) by 2030. Cases of OED will be mostly concentrated in savanna

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009604  July 26, 2021

6/18


https://doi.org/10.1371/journal.pntd.0009604.t001
https://doi.org/10.1371/journal.pntd.0009604

PLOS NEGLECTED TROPICAL DISEASES The burden of onchocerciasis in former APOC countries for 1990, 2020, and 2030

Table 2. Population at risk and numbers of cases infected and with clinical manifestations by endemicity level for 2030. Absolute numbers (N and DALYs) are pre-
sented in thousands.

Hypoendemic Mesoendemic Hyperendemic Very hyperendemic

N % | DALYs N %| DALYs N %| DALYs N %| DALYs
Total population at risk 145,846 100 -| 67,483 100 - 18,053 100 - 4,721 100 -
Mf-positive 4,299 29 - 1,237 1.8 - 692 3.8 - 585 12.4 -
Mf-positive (age 5+) 4,299 2.9 - 1,237 1.8 - 691 3.8 - 585 12.4 -
Adult female worm infection 8,735 6.0 - 3,326 4.9 - 2,083 11.5 - 1,432 30.3
Palpable nodules 482 0.3 5 419 0.6 4 281 1.6 3 231 4.9 2
Severe itch 353 0.2 64 107 0.2 19 56 0.3 10 26 0.5 5
Reactive skin disease 89 0.1 4 23| <0.05 1 11 0.1 <0.5 6 0.1 <0.5
Total reversible onchocercal skin disease 442 0.3 68 130 0.2 21 67 0.4 11 32 0.7
Mild depigmentation 366 0.3 4 274 0.4 3 174 1 2 65 1.4 1
Severe depigmentation 277 0.2 18 233 0.3 15 238 1.3 15 115 2.4 7
Atrophy <0.5| <0.05 <0.5 <0.5| <0.05 <0.5 <0.5| <0.05 <0.5 <0.5| <0.05 <0.5
Hanging groin <0.5| <0.05 <0.5 1| <0.05 <0.5 6| <0.05 2 8 0.2 3
Total irreversible onchocercal skin disease 643 0.4 22 508 0.8 18 418 2.3 20 188 4 11
Total onchocercal skin disease* 1,566 1.1 95 1,057 1.6 43 765 4.2 33 451 9.5 18
Visual impairment 192 0.1 6 69 0.1 2 38 0.2 1 17 0.3 1
Blindness 34| <0.05 227 10 | <0.05 74 14 0.1 102 11 0.2 87
Total onchocercal eye disease 226 0.2 233 80 0.1 77 51 0.3 103 27 0.6 87
Total all manifestations 1,792 1.2 329 1,137 1.7 120 817 4.5 137 478 10.1 106

* Note: Total onchocercal skin disease is the sum of palpable nodules, reversible and irreversible skin disease.

https://doi.org/10.1371/journal.pntd.0009604.t002

areas (87.8% of all OED cases). The highest prevalence of onchocercal morbidity will be in
very hyperendemic areas with about 10.1% of the population having clinical manifestations,
yet 42.4% of all cases with clinical manifestations due to onchocerciasis were predicted to live
in hypoendemic areas where most of the population at risk resides (Table 2). By 2030, the
majority of clinical cases will be living in the Democratic Republic of Congo (47.0% of all
remaining cases in eastern and central Africa), Nigeria (19.7%), Ethiopia (8.4%), and Camer-
oon (7.2%) (Table 3). In terms of country-specific morbidity prevalence, Gabon has highest
overall morbidity prevalence (3.6%; mainly due to high prevalence of reversible skin disease
and assumed absence of MDA), followed by the Democratic Republic of Congo (2.9%), and
the Republic of Congo (2.8%), and South Sudan (2.3%). There are also some hyperendemic
foci with high overall morbidity prevalence (>7%) remaining in the Democratic Republic of
Congo and South Sudan by 2030 (mainly due to palpable nodules). See S3 Text and S4 Text
for further detailed estimates by year, project, and country.

DALYs lost due to onchocerciasis

The total number of DALY lost slightly increased between 1990 and 2000 due to population
growth combined with the gradual roll-out of MDA programmes, but from 2000 onwards we
predict a steady decline in DALYs lost (Fig 1). We estimate that the total DALY lost due to
onchocerciasis was 2.5 million before MDA started (1990), that this figure declined to 1.4 mil-
lion in 2020, and will further decline to 691 thousand by 2030. In 1990, most of the onchocer-
cal disease burden was due to blindness (1.4 million DALYs) and severe itch (747 thousand
DALYs) (Table 1). By 2030, blindness (491 thousand DALYs) and severe itch (98 thousand
DALYs), will account for 71.1% and 14.2% of all DALY lost, respectively (Table 1). This

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009604  July 26, 2021 7/18


https://doi.org/10.1371/journal.pntd.0009604.t002
https://doi.org/10.1371/journal.pntd.0009604

PLOS NEGLECTED TROPICAL DISEASES

The burden of onchocerciasis in former APOC countries for 1990, 2020, and 2030

Table 3. Population at risk and numbers of cases infected and with clinical manifestations by country for 2030. Absolute numbers (N and DALYs) are presented in

thousands.

Country

Angola

Burundi
Cameroon

CAR

Chad

Congo
Democratic Republic of Congo
Equatorial Guinea
Ethiopia

Gabon

Liberia

Malawi
Mozambique
Nigeria

South Sudan
Sudan

Tanzania

Uganda

Total

Total pop. atrisk| Mf infected Palpable nodules | Reversible skin disease Irreversible skin Onchocercal eye
disease disease

N % N % | DALYs N % | DALYs N| %| DALYs N % | DALYs

3,925 101 2.6 15 0.4 <0.5 10 0.2 2) 25| 0.6 1| <0.5| <0.05 <0.5
3,944 163 4.1 25 0.6 <0.5 17 0.4 3 24| 0.6 1| <0.5| <0.05 <0.5
15,156 426 2.8 76 0.5 1 46 0.3 7 161 | 1.1 7 21 0.1 28
3,896 62 1.6 15 0.4 <0.5 0.2 1 23| 0.6 1 20 0.5 20
3,780 85 2.3 18 0.5 <0.5 0.2 1 15| 0.4 <0.5 15 0.4 17
2,350 144 6.1 29 1.3 <0.5 18 0.8 3 18| 0.8 1| <0.5| <0.05 1
68,096 | 3,094 4.5 795 1.2 8| 296 0.4 46 860 | 1.3 38 85 0.1 94
588 | <0.5| <0.05| <0.5| <0.05 <0.5| <0.5| <0.05 <0.5 3105 <0.5| <0.5| <0.05 <0.5
19,911 681 3.4 126 0.6 1 64 0.3 10 163 | 0.8 6 2 | <0.05 4
146 17 11.9 2 1.5 <0.5 2 1.2 <0.5 1109 <0.5| <0.5| <0.05 <0.5
2,606 | <0.5| <0.05| <0.5| <0.05 <0.5| <0.5| <0.05 <0.5 0.3 <0.5| <0.5| <0.05 <0.5
3,469 | <0.5| <0.05| <0.5| <0.05 <0.5| <0.5| <0.05 <0.5 0.2 <0.5| <0.5| <0.05 <0.5
107 6 5.7 1 0.6 <0.5 1 0.5 <0.5 1]0.7 <0.5| <0.5| <0.05 <0.5
83,829 | 1,475 1.8 187 0.2 2| 149 0.2 23 298 | 0.4 10| 198 0.2 207
11,393 323 2.8 81 0.7 1 28 0.2 4 741 0.7 3 83 0.7 118
1,083 48 4.5 7 0.6 <0.5 5 0.5 1 605 <0.5 7 0.6 8
5,444 186 3.4 35 0.6 <0.5 19 0.3 3 421 0.8 2 1| <0.05 2
6,379 | <0.5| <0.05| <0.5| <0.05 <0.5| <0.5| <0.05 <0.5 27 | 0.4 1 1| <0.05 1
236,102 6,813 29 1412 0.6 15 670 0.3 104 1,756 0.7 71 384 0.2 501

https://doi.org/10.1371/journal.pntd.0009604.t003

amounts to a reduction in DALYs lost due to blindness and severe itch of 64.9% and 86.9%,

respectively. Nigeria, the Democratic Republic of Congo, and South Sudan will carry the high-
est disease burden due to onchocerciasis in 2030 (Table 3 and Fig 2), primarily because of the
high number of DALY lost due to blindness in savanna areas and the high numbers of people
living in endemic areas in those countries. Overall, thanks to MDA, the annual number of
DALYs averted will rise to 6.6 million by 2030 (Fig 1) and around 96.7 million DALY's will
have been cumulatively averted between 1990 and 2030.

Sensitivity analysis

Fig 3 shows the impact of alternative assumptions about the estimated number of cases with
reversible and irreversible OSD by 2030. For reversible skin manifestations, the assumptions
regarding MDA implementation have the highest impact on case estimates, with up to 826.8
thousand more estimated cases when MDA coverage was systematically reported to be higher
(20% points) than the actual distribution. As O. volvulus infection is directly related to the pres-
ence of acute, reversible skin conditions, earlier initiation of MDA in untreated areas would
reduce case estimates by 117.7 thousand cases. For chronic, irreversible skin manifestations, the
effect of systematic over-reporting of MDA coverage would be less pronounced on current case
estimates (up to 316.5 thousand more cases if MDA coverage is over-reported by 20% points).
Halving the factor with which we calculate morbidity prevalence in hypoendemic as a function
of prevalence in mesoendemic areas would considerably influence our case estimates with irre-
versible subtypes of OSD for 2030 (545.4 thousand fewer cases). As for OSD, the predicted prev-
alence of skin mf and nodules in 2030 was most sensitive to assumptions about MDA coverage.
In contrast, OED estimates for 2030 were only marginally sensitive to MDA coverage but were
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Fig 1. Total number of disability-adjusted life years (DALYs) lost and averted due to onchocerciasis from 1990 to 2030 in countries formerly covered by the
African Programme for Onchocerciasis Control. DALY are expressed in thousands (x1000). The total height of the blue part of the bars represents the estimated total
number of DALYs lost, with different intensities of blue representing four subcategories of onchocercal morbidity (see legend). The total height of the bars (blue plus
grey) represents the DALY lost in a counterfactual scenario without large-scale MDA. The light grey part of each bar therefore represents the annual number of DALY

averted by MDA.
https://doi.org/10.1371/journal.pntd.0009604.9001

highly sensitive to assumptions about excess mortality due to blindness and potential reversibil-
ity of visual impairment, which led to up to an estimated 7.2% and 93.3% fewer cases of OED
respectively by 2030 (S1 Text, section 5). Starting MDA in as yet untreated L. Loa-endemic
areas in 2024 instead of 2025, and in untreated non-L. loa-endemic areas in 2022 instead of
2023 would considerably reduce the number of cases with reversible skin manifestations by
2030 (-17.6%), but not the number of cases with irreversible skin morbidity (-1.1%).

Discussion

We predict major reductions in the burden of onchocerciasis between 1990 and 2030, both in
terms of number of cases as well as in DALY lost, mainly thanks to the massive impact of
MDA with ivermectin. We predict that the annual number of DALY lost due to onchocercia-
sis will be more than halved over a 40-year time frame, with around 97 million DALYs cumu-
latively averted by MDA between 1990 and 2030 in countries formerly covered by APOC.
Most of the cases remaining by 2030 will be due to palpable nodules and chronic skin manifes-
tations, and most of the remaining burden will be due to severe itch and blindness. By 2030,
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Fig 2. Total number of disability-adjusted life years (DALYs) lost due to onchocerciasis by country in 2030.
https://doi.org/10.1371/journal.pntd.0009604.g002

almost half of all remaining cases will be located in the Democratic Republic of Congo, where
many people live in endemic areas and MDA started relatively late.

The GBD study estimated that the number of DALY lost due to onchocerciasis was 1.4
million in 1990 and 1.3 million in 2015 [32,33]. The difference with our burden estimates for
the same years (2.5 million and 1.8 million DALY lost in 1990 and 2015, respectively) can be
largely explained by the fact that excess mortality due to onchocercal blindness was not consid-
ered in the GBD study, while we estimated onchocercal blindness to be responsible for 1.4 mil-
lion and 1.1 million DALYS lost in 1990 and 2015, respectively. The remaining difference may
be explained by a methodological difference: the GBD study relies on statistical models while
our study uses a mechanistic mathematical model, which we consider more appropriate for
producing forecasts.

We identified areas where we predict high remaining onchocerciasis cases (due to loiasis
co-endemicity or very hyperendemic baseline infection levels), as well as areas where oncho-
cerciasis transmission may be close to elimination [5]. Our results are in line with a recent
analysis on remaining O. volvulus and L. loa cases by 2025 [14], predicting 19.0% O. volvulus
and 5.8% L. loa mf prevalence in these areas. This highlights that particularly hypoendemic
areas with loiasis transmission, currently excluded from mass treatment, should rapidly be tar-
geted for onchocerciases elimination mapping and implementation of alternative treatment
strategies, such as the Test-and-not-Treat strategy, community-directed vector control (e.g.
slash and clear vegetation, ground-based larviciding), or possibly a new macrofilaricidal
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Fig 3. Univariate sensitivity analysis for the predicted number of cases with reversible and irreversible onchocercal skin disease by 2030. Coloured bars
represent the difference between the sensitivity analysis and the results of the main analysis (vertical black line). * In the sensitivity analysis, the prevalence of
infection and clinical manifestations in hypoendemic areas was assumed to be 1/3 of that in mesoendemic areas (as applied in a previous modelling exercise [2]),
instead of ratios based on a more detailed meta-analysis performed for the main analysis (see also Table E in S1 Text).

https://doi.org/10.1371/journal.pntd.0009604.g003

treatment for onchocerciasis, once available. Intensified interventions could also be considered
to bring down infection and morbidity in areas with historically high baseline endemicity lev-
els that are currently still hyperendemic, even after long-term control. We predict that by 2030
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the highest remaining prevalence of infection and morbidity is likely to be found in endemic
areas of Gabon, Democratic Republic of Congo, and the Republic of Congo. However, the
highest burden will be found in countries with the highest number of population at risk or
those with the blinding savanna type of onchocerciasis (i.e. Nigeria, DRC, South Sudan, Cam-
eroon). In other countries, the long-standing control interventions in Africa will have reduced
infection and morbidity to negligible levels, such as across large areas in Burundi, Equatorial
Guinea, and Uganda. For Uganda, these predictions are in line with empirical evidence: 15 out
of 17 onchocerciasis-endemic foci in Uganda are currently under post-treatment surveillance
or have eliminated onchocerciasis [34,35].

The presented number of cases with infection and morbidity should be considered as indic-
ative only, as the estimates depend on uncertain assumptions regarding baseline endemicity
levels, local transmission conditions and programmatic factors. Numbers presented for any
hypo-endemic areas left untreated by APOC should be considered with particular caution.
The P5 areas include all areas with an estimated nodule prevalence between 5% and 20%,
based on a geostatistical analysis of REMO survey data [11]. However, in most areas hypo-
endemicity remains to be confirmed in the field through onchocerciasis elimination mapping,
although the ESPEN website suggest that elimination mapping may not, or no longer be
required in seven former APOC-countries (i.e., Burundi, Chad, Equatorial Guinea, Liberia,
Malawi, Tanzania and Uganda). In some of the P5 areas, onchocerciasis infection prevalences
may have been reduced thanks to MDA programmes against lymphatic filariasis in loiasis-free
areas or the collateral benefits of other drug programmes (e.g., ivermectin against scabies in
Ethiopia [36]) may have led to minor overestimations of the aforementioned burden estimates
for these areas.

Although we have taken account of most clinical manifestations attributable to O. volvulus
infection, there is increasing evidence of an association between high intensity O. volvulus
infection and the development of epilepsy during childhood [37-40]. A recent study reported
128 thousand YLDs by 2015 due to onchocerciasis-associated epilepsy in 9 of the 17 countries
formerly covered by APOC [41]. This would imply an additional 53.8 thousand DALYs lost
due to onchocerciasis (128,000 cases x 0.420 disability weight for uncontrolled epilepsy [25])
by 2015, which is a conservative estimate as it does not capture YLLs caused by excess mortal-
ity associated with epilepsy in rural Africa [41]. In addition, MDA with ivermectin will also
have a modest impact on off-target diseases like soil-transmitted helminths and scabies [42].

The results presented here are estimates based on the most comprehensive available data
from countries formerly covered by APOC. The study was motivated by the extreme paucity
of large-scale representative data on actual morbidity levels in (formerly) onchocerciasis-
endemic areas. Disease manifestations were modelled using a newly developed disease module
within ONCHOSIM that, for the first time, could simultaneously simulate reversible and irre-
versible clinical manifestations, as well as single- and multi-stage disease, taking into account
the impact of excess mortality due to blindness on the trends for prevalence of all these condi-
tions. Model outcomes were externally validated against longitudinal trends in morbidity prev-
alence, community-level patterns in prevalence of infection and disease manifestations, age-
stratified pre-control morbidity prevalence data from savanna communities, and data on the
concurrence of clinical manifestations, and it was shown that the model could reasonably well
reproduce the morbidity patterns in the field [7]. Also, it is important to note that our analysis
builds on estimates of the pre-control distribution of infection levels based on REMO (rapid
epidemiological mapping of onchocerciasis) data, which are the most comprehensive and
accurate data available, and the basis of the current map of onchocerciasis in the 20 APOC
countries. The oldest REMO surveys possibly date from 1993, but many were done more
recently. These REMO data provide a good indication of pre-control prevalence in treated
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areas. The extent of hypoendemic areas is more uncertain; unfortunately, data from recent and
ongoing mapping efforts in hypoendemic areas with more sensitive diagnostic tools are not
yet published. We further note that we did not capture the impact of potential secular develop-
ments, such as climate change, deforestation, economic development, demographic transition,
and urbanisation, which may lead or may have led to changes in transmission intensity and
lower population densities in endemic areas than assumed here. However, we do not expect
this to impact our results with regard to where most of the future onchocercal burden will be.
Indeed, the geographical distribution of infection may have changed somewhat over time
prior to start of MDA. However, as we aggregated results over a larger geographical area, we
expect that this uncertainty does not affect, or only marginally affects, our main findings and
conclusions.

We used the mathematical model ONCHOSIM to simulate the impact of ivermectin in
treated areas on infection and morbidity according to reported treatment history and future
MDA scenarios. ONCHOSIM captures community infection dynamics throughout MDA
quite well [2,10,43,44], but relies on adequate input about MDA coverage levels, which may be
reported imprecisely or incorrectly [45]. Our sensitivity analysis suggests that a 10%- or 20%-
point change (everywhere) in coverage of MDA has a considerable impact on case and burden
estimates, highlighting the importance of high-quality MDA coverage data. We based the
assumptions of control interventions on information from the APOC treatment database [15]
and the ESPEN portal. We might be unaware of acceleration strategies that countries may
have implemented in specific implementation units, such as changing MDA frequency from
annual to bi-annual [35,46]. Also, apart from (community-based) vector control on the island
of Bioko [47-50] and in Uganda [51-53], we did not take account of any other local vector
control strategies that may have been implemented in other countries. However, we expect
that in general, local interventions other than annual MDA would only have a minimal addi-
tional impact on the burden of disease, given the already large effect of annual MDA with iver-
mectin on prevalence of acute clinical manifestations and incidence of chronic conditions. We
have further taken account of major events that may have influenced the continuation of the
MDA programme such as civil war in South Sudan, the CAR and Liberia, as well as the
COVID-19 pandemic. The WHO recommended in 2020 to suspend all epidemiological sur-
veys and MDA activities for Neglected Tropical Diseases tackled by preventive chemotherapy
and transmission control due to the COVID-19 pandemic [54]. A recent modelling paper
assessed the impact of MDA disruptions and delays in scaling-up of MDA since 2020, and
shows that this affects O. volvulus transmission and infection level in both the short and long
term [55].

We used the latest GBD disability weights [23], mapping the clinical manifestations of
onchocerciasis to the lay descriptions with corresponding disability weights to estimate
DALYs lost due to onchocerciasis. The disability weight for blindness was estimated at 0.187
by the GBD study. Several previous estimates of the blindness disability weight were consider-
ably higher [56]. The difference between earlier and current estimates may be primarily due to
the dimensions covered by the disability weight: the GBD disability weights focus only on
health loss due to blindness, not capturing other socio-economic consequences of blindness
that may occur in Africa (e.g., related to livelihood, employment, accessibility of public
resources and infrastructure). Such socio-economic consequences are therefore also not cap-
tured in our burden estimates. Quantifying this socio-economic burden was beyond the scope
of this work, but it is important to acknowledge that this burden will be high, especially for
blindness in the African context [57-59].

Our analysis only covers countries in Central and East Africa formerly covered by APOC,
whereas in West Africa the Onchocerciasis Control Programme (OCP) also has been
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recognised as one of the most successful programmes in the history of development aid [35].
Therefore, a next step is to perform a similar modelling study for countries previously under
the OCP mandate to obtain a comprehensive synopsis of health losses due to onchocerciasis in
the whole of Africa. A major challenge here will be to collate data on the history of MDA and
vector control, which, unlike the case for APOC countries, was not curated centrally but by the
individual countries that were part of OCP.

Conclusions

MDA has had a remarkable impact on the onchocerciasis burden in countries previously
under the APOC mandate. Yet, by 2030 we still expect over 10 million mf-positive people and
almost 20 million individuals harbouring adult worms, with the majority living in only a few
countries. If in the future elimination of onchocerciasis is achieved, acute clinical manifesta-
tions of onchocerciasis such as reactive skin disease and severe itch will have largely disap-
peared, although chronic clinical manifestations will linger and only slowly disappear due to
demographic turn-over. In the few countries where we predict continued transmission
between now and 2030, intensified MDA could be combined with local vector control efforts,
or the introduction of new drugs for mopping up residual cases of infection and morbidity.
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